INTRODUCTION
Lung cancer remains the leading cause of cancer-related mortality, with a 5-year survival rate of only 17% for all stages [1] . Despite advances in the development of targeted therapies and the emergence of novel immunotherapeutic approaches, significant challenges remain in the diagnosis and treatment of non-small cell lung cancer (NSCLC). First, although the adoption of low-dose helical computed tomography (LDCT) screening for high-risk patients might allow for earlier detection, roughly 65% of patients still present with advanced-stage disease, with more than half dying within 1 year [1] . Additionally, for patients receiving curative intent therapy, currently, no strategies outside of routine imaging are available to detect recurrent or minimal residual disease. Finally, standard tumor biopsies can be cumbersome, put the patient at risk, and might not accurately identify relevant molecular alterations owing to both suboptimal tissue acquisition and tumor heterogeneity. Given these challenges, additional strategies are urgently needed to help diagnose NSCLC and genotype tumor tissue from patients eligible for selection of molecularly driven therapies.
Recent technological advances have led to the development of blood-based diagnostics or "liquid biopsies" in NSCLC. This noninvasive approach allows for early detection of de novo or recurrent disease, the prognosis of outcomes, identification of genetic alterations to guide targeted therapy, and real-time monitoring of treatment response. Although liquid biopsies have historically referred to circulating tumor cells (CTCs), the definition has expanded to include proteomics, microRNA (miRNA), messenger RNA (mRNA), and, more recently, cell-free DNA (cfDNA). We review the technology of liquid biopsies in NSCLC and discuss the diagnostic and therapeutic implications of these platforms.
CFDNA
First discovered in 1948 by Mandel and Metais, fragmented DNA or cfDNA has since been associated with a number of conditions, including end-stage renal disease, myocardial infarction, stroke, and trauma [2] [3] [4] [5] [6] [7] . Multiple studies have shown a correlation between the levels of cfDNA and cellular injury and necrosis, processes relevant in cancer cell survival and propagation. As tumors increase in volume, the capacity of phagocytes to eliminate and clear apoptotic and necrotic fragments can be exceeded, leading to passive release of cfDNA into the bloodstream [8] . Alternatively, in vitro studies have shown that DNA can be released by an active mechanism in which cancer cells spontaneously release DNA fragments into the circulation [9] . Depending on the tumor size and vascularity, the amount of cfDNA released in the circulation can vary from 0.01% to 90% of all DNA present in plasma [10] .
Multiple studies have reported elevated cfDNA in lung cancer patients compared with healthy controls and increasing cfDNA concentrations in advanced disease compared with earlier stages of disease [11, 12] . Recent Investigators have recently used cfDNA not only to identify patients with actionable mutations, including both sensitizing (exon 19 and 21) and resistant (T790M) EGFR mutations, but also as a real-time monitor of pharmacodynamic responses to tyrosine kinase inhibitor therapy.
Identifying Mutations in Treatment-Naïve Patients: Concordance With Tissue
One critical issue in blood-based genotyping is whether cfDNA can serve as an accurate molecular proxy for the corresponding tissue in the identification of EGFR mutations. Kimura et al. matched tumor and serum samples obtained from 42 advanced-stage NSCLC patients treated with gefitinib [13] . The concordance rate between EGFR mutations identified in serum and tissue was 92.9% (matching in 39 of 42 paired samples), with a sensitivity of 85.7%. High concordance rates were also demonstrated in a subset of patients from a phase IV, single-arm study evaluating first-line gefitinib in advanced-stage NSCLC patients [14] . The mutation concordance rate between 652 matched tumor and plasma samples before treatment was 94.3% (95% confidence interval [CI], 92.3-96.0), with a sensitivity of 65.7% (95% CI, 55.8-74.7) and specificity of 99.8% (95% CI, 99.0-100.0). Additional studies evaluating the concordance of plasma/serum and tissue EGFR mutations ( Table 2) have reported a wide range of concordance rates (27.5%-100%) and sensitivities (17.1%-100%), with consistently high specificities (71.4%-100%). The disparities in sensitivities are heavily technology-dependent.Two recent meta-analyses assessing the diagnostic accuracy of cfDNA EGFR mutations demonstrated a pooled sensitivity of 61% and 67.4% and specificity of 90% and 93.5%, respectively [15, 16] . Genetic interrogation of cfDNA via NGS has revealed additional mutations beyond EGFR. In one study, plasmabased NGS genotyped 8 of 11 patients and accurately identified two ALK rearrangements, one ROS1 rearrangement, one RET rearrangement, one EGFR G719A mutation, one KRAS G12C, and one combined KRAS G12C/PIK3CA [17] . In a second study, 42 of 54 patients evaluated using plasma NGS had at least one identifiable alteration, with 7 patients linked to a U.S. Food and Drug Administration-approved drug and 17 eligible for a targeted therapy approved for another disease type [18] . Finally, using a plasma-based digital NGS platform with the capability of capturing point mutations, insertions/deletions, [19] . These included activation EGFR mutations (n 5 116), ALK fusions (n 5 6), RET fusions (n 5 9), HER2 exon 20 insertions (n 5 9), BRAF mutations (n 5 26), MET exon 14 skipping mutation (n 5 8), met amplifications (n 5 18), EGFR exon 20 insertions (n 5 7), and KRAS/NF1/MEK mutations (n 5 213). Although tissue was not available for concordance rates, this technology remains promising.
Predictive and Prognostic Utility of EGFR Mutations Identified by cfDNA
The clinical promise of cfDNA is rooted in its ability to serve as a predictive biomarker for targeted therapy. In the aforementioned phase IV gefitinib study, patients with EGFR mutationpositive cfDNA, regardless of mutation subtype, had a similar overall response rate (ORR) as that of patients with tissue EGFR mutation-positive tumors (76.9% and 69.8%, respectively), suggesting that the blood-based EGFR test might be as predictive to TKI treatment as tissue [14] . [25] . For patients treated in the erlotinib arm who were EGFR positive by cfDNA at baseline, the disappearance of cfDNA at cycle 3 was associated with significantly improved PFS (HR, 0.38; p 5 .0083) and longer OS (HR, 0.45; p 5 .0831) compared with patients with persistence of cfDNA EGFR. Most recently, Marchetti et al. performed PCR and ultra-deep NGS on serial plasma samples of advanced-stage patients (n 5 20) with known tissue and plasma EGFR mutations before TKI treatment. Patients who had a 50% decrease in plasma EGFR copy number at 14 days (rapid responders; n 5 14) had a greater mean percentage of tumor shrinkage than that of slow responders (n 5 6) who had not achieved this change (70% vs. 30%; p , .0001) [27] . Finally, using a deep sequencing method (cancer personalized profiling by deep sequencing) that quantifies cancer-specific genomic alterations, Newman et al. was able to demonstrate that plasma ctDNA levels isolated from longitudinal samples in advanced-stage patients (n 5 3) receiving either chemotherapy or targeted therapy highly correlated with the tumor volumes during therapy [28] . In sum, the real-time pharmacodynamic monitoring of mutations, most notably EGFR, during treatment in these studies highlights the potential of this platform to serve as an early predictor of response or resistance to therapy that could inform treatment decisions.
The prognostic utility of cfDNA has been studied by the Spanish Lung Cancer Group, which reported on a prespecified analysis from the erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small cell lung cancer (EURTAC) study of 76 patients with identifiable cfDNA EGFR mutations [29] . Evaluating subtypes of EGFR mutations in cfDNA using the TaqMan assay, the study demonstrated a shorter median OS in patients with the L858R mutation than in those with the exon 19 deletion (13.7 months; 95% CI, 7.1-17.7; vs. 30.0 months; 95% CI, 19.3-37.7; p , .001). Among the 41 patients with the L858R mutation in tissue, those in whom the L858R mutation was also detected in cfDNA had notably shorter median survival than those in whom the mutation was not detected in cfDNA (13.7 vs. 27.7 months; HR, 2.22; p 5 .03), suggesting a prognostic value of plasma cfDNA L858R mutations.
Identification of T790M in TKI-Resistant and -Naïve Patients
Several studies have identified resistant T790M mutations in cfDNA for both TKI-naïve and -resistant patients. Kuang et al. detected EGFR T790M in cfDNA from plasma via ARMS and/or the WAVE/Surveyor method in 15 of 28 patients with a previous clinical response to an EGFR TKI but only 4 of 14 with previous stable disease. EGFR T790M mutations detected in plasma DNA were strongly associated with a previous clinical response to TKI (p 5 .004) [30] . More recently, plasma BEAMing was used in a phase I/II trial evaluating rociletinib, a TKI selectively targeting both activating and T790M EGFR mutations in EGFR-positive, advanced-stage NSCLC patients who experienced disease progression during treatment with EGFR-directed therapy [31] . With tissue as the reference standard, the positive percentage of agreement for plasma T790M was 81% (155 of 192). Although the unconfirmed response rate to rociletinib in both plasma-positive and tissue-positive T790M patients was 53%, all plasma-positive patients were also tissue positive for T790M. Similar results have been demonstrated with osimertinib, another third-generation TKI, in ©AlphaMed Press 2016
The Oncologist ® patients with documented plasma-or tissue-positive T790M disease. Finally, using a PCR method coupled with NGS, Husain et al. identified T790M mutation in the urine of 15 of 22 EGFRpositive patients (68%) receiving TKI treatment. Of the 15 patients positive for T790M by urine, 10 patients had T790M mutation in the tissue biopsy using the Clinical Laboratory Improvement Amendments test [32] .
T790M identification in cfDNA has also been clinically detected in treatment-naïve patients and for monitoring the real-time response. Wang et al. evaluated 135 patients with advanced-stage NSCLC who had clinical benefit of 6 months or more (PFS .6 months) with first-or second-line TKI treatment and retrospectively analyzed EGFR-sensitizing mutations and T790M mutation in matched pre-and post-TKI plasma via multiple assays, including D-PCR [33] . In the cohort of 83 patients with known EGFR mutations by tissue, the patients were subdivided into three groups according to the quantity of T790M in pre-TKI plasma samples by D-PCR (high, .5%, n 5 7; low, 0%-5%, n 5 20; and nil, 0%, n 5 56). The median PFS was 7.1, 9.5, and 12.8 months (p 5 .001) and the median OS was 18.2, 21.2, and 32.5 months (p 5 .005) for the high, low, and nil groups, respectively, suggesting that a high pretreatment T790M mutational load might define patients less likely to benefit from TKI therapy. Sorensen et al. used allele-specific PCR to identify both sensitizing and resistant EGFR mutations from plasma in 23 patients with advanced adenocarcinoma receiving second-line TKI therapy as part of larger clinical trial [34] . cfDNA was evaluated at multiple time points during treatment and revealed T790M mutations in 9 patients up to 344 days before disease progression using the Response Evaluation Criteria In Solid Tumors, illustrating the potential to identify resistant disease before routine imaging. In the two aforementioned studies by Wang et al. and Sorenson et al., T790M was not interrogated in tissue samples; thus, concordance rates could not be established. It remains unclear whether identification of plasma or tissue T790M, either de novo or before clinical progression with TKI therapy, should guide treatment decisions with T790M-directed therapies.
PROTEINS
A number of proteins originating from the tumor and tumor microenvironment have been studied as biomarkers for NSCLC. Historically, protein biomarkers have included carcinoembryonic antigen, cytokeratin-19 fragment, and squamous cell carcinoma antigen. Although several studies have demonstrated the prognostic and predictive value of these markers, they have generally had limited clinical utility in lung cancer detection or as surrogates for response, given their relatively low sensitivity and specificity. More recently, a mass spectrometry (e.g., matrixassisted laser desorption ionization) classifier has been used to identify proteomic signatures. These signatures are the basis of an algorithm that has resulted in a commercially available test that classifies advanced-stage patients into "poor" or "good" groups compared with a reference set. This test has served in both a predictive and a prognostic capacity for advanced-stage NSCLC patients receiving second-line therapy with either docetaxel or erlotinib [35] . Several studies have also highlighted the prognostic utilityof this platform in advanced NSCLC patients receiving first-line therapy, independent of other common prognostic factors [35] [36] [37] [38] .
MRNA AND MIRNA miRNAs are small noncoding RNAs predicted to regulate 10%-30% of the protein-coding genes in the human genome. They have been shown to play important roles in tumor initiation, invasion, and metastasis [39] . Circulating miRNAs are considered attractive cancer biomarkers owing to their stability and quantifiability using quantitative reverse transcription PCR (qRT-PCR) [40] (Table 3 ). For NSCLC, circulating miRNAs have been investigated for their potential in diagnosis, prognostic value, and predictive response to treatment. A number of miRNA signature profiles have been identified for NSCLC.
Diagnosis and Screening of Lung Cancer
Multiple studies have reported on the potential utility of miRNAs to diagnosis NSCLC. Shen et al. determined that a panel of four miRNAs in plasma (miRNA-21, miRNA-126, miRNA-210, and miRNA-486-5p) were significantly elevated in NSCLC patients (n 5 58) compared with healthy individuals (n 5 29), with 86% sensitivity and 97% specificity [41] . In an exploratory phase I/II biomarker study, Hennessey et al. identified a miRNA pair (miRNA-15b and miRNA-27b) able to distinguish between NSCLC (n 5 55) and cancer-free patients (n 5 75), with a specificity of 84% (95% CI, 0.73-0.91) and sensitivity of 100% (95% CI,0.93-1.0) [42] . Leidinger et al. used qRT-PCR analysis to identify a set of five markers able to separate lung cancer patients (n 5 74) from healthy controls (n 5 20), with a specificity of 98% (95% CI, 0.95-1.0) and sensitivity of 91% (95% CI, 0.87-0.94) [43] . In addition, they were able to differentiate NSCLC patients (n 5 74) from patients with chronic obstructive pulmonary disease (n 5 26), with a specificity of 81% and sensitivity of 86% using 10 miRNA markers.
miRNAs have also been used to screen for individuals at risk of developing NSCLC. After identifying a set of 10 miRNAs that were differentially expressed in the serum of NSCLC patients compared with cancer-free controls, Chen et al. used the miRNA set to retrospectively analyze the serum samples of 7 NSCLC patients before and after their diagnosis [44] . They found that their miRNA profile could identify cancer up to 33 months ahead of the clinical diagnosis. Boeri et al. identified specific plasma miRNA signatures associated with lung cancer among patients enrolled in two different spiral-CT screening trials [45] .The miRNA signature classifier (MSC) algorithm was then validated in a study retrospectively evaluating 939 plasma samples (69 with lung cancer and 870 without) from the Multicenter Italian Lung Detection (MILD) clinical trial comparing LDCT (n 5 652) and observation (n 5 287) [46] .The MSC had a sensitivity of 87% and specificity of 81% across both arms; LDCT had a sensitivity of 79% and specificity of 81%. Using MSC and LDCT together resulted in a fivefold reduction of the LDCT false-positive rate (from 19.4% to 3.7%). The investigators calculated that the screening sensitivity could be increased to 98% using both tests [46] . Bianchi individuals with no cancer (n 5 30), with a sensitivity of 71% and specificity of 90%. Evaluating 13 patients before and after they developed lung cancer, the investigators also applied a risk predictor algorithm based on the miRNA signature that showed a significantly increased risk index in the serum after the onset of the disease (p , .001, paired t test).
Prognosis and Predictive Response to Treatment
Using genome-wide sequencing, Hu et al. found 11 miRNAs were altered more than fivefold in the serum of lung cancer patients who survived for more than 30 months compared with those who had survived for less than 25 months [48] . Of the 11 miRNAs, 4 (miR-486, miR-30d, miR-1, and miR-499) were significantly associated with overall survival. Patients carrying two or more high-risk miRNAs had a significantly increased risk of cancer death compared with patients with one or no high-risk miRNA (log-rank test, p , .0001; HR, 3.14; 95% CI, 1.65-5.97, for two high-risk miRNA carriers; HR, 16.52; 95% CI, 8.62-31.68, for three high-risk miRNA carriers; HR, 34.13; 95% CI, 16.28-71.56, for four high-risk miRNA carriers). miR-155 and miR-197 levels have been reported to be higher in lung cancer patients with metastasis (p , .05) and to be significantly decreased in patients with a response to chemotherapy (p , .001) [49] .
In addition to miRNA, messenger RNAs (mRNAs) have also been evaluated in early-and late-stage lung cancer patients. Cancer/testis antigens (CTAs) are protein antigens normally The Oncologist ® expressed in the testis but frequently expressed in lung cancer. Gumireddy et al. used a nested PCR assay to determine whether the mRNA levels of 116 CTA genes in the peripheral blood mononuclear cells of NSCLC lung cancer patients were differentially expressed compared with individuals with smoking-related benign diseases [50] . The expression of one gene, AKAP4, was able to distinguish between NSCLC patients (n 5 264) and individuals with benign disease (n 5 135), as well as those with benign nodules, with an area under the curve of 0.9714 (95% CI, 0.956-0.986) and 0.9825 (95% CI, 0.969-0.995), respectively. Similar to cfDNA, the investigators found that AKAP4 increased with cancer stage, with AKAP4 mRNA expression levels in stage IV NSCLC patients 3,254-fold higher than that in patients with stage I NSCLC. AKAP4 mRNA expression did not have a significant association with tobacco use, which might allow AKAP4 to be used as a screening tool for both smokers and nonsmokers.
Given that only a subpopulation of NSCLC CTCs undergo epithelial-to-mesenchymal transition and downregulate their epithelial markers, the detection rates using EpCAM-based methods have been lower.
CTCS
CTCs are tumor cells shed into the blood by solid neoplasms. They are exceedingly rare, with as few as one in every 10 9 blood cells in patients with metastatic disease [51] . A number of methods have been developed to detect CTCs, including the CellSearch system (Janssen Diagnostics, Raritan, NJ, http:// www.janssen.com), the Intelligent System Emulation Technology (ISET) system (Aligent Technologies, Santa Clara, CA, http://www.aligent.com), flow cytometry, laser scanning cytometry, PCR-based approaches, and CTC microchip technology [52] [53] [54] [55] . Following CTC isolation, DNA can then be extracted and analyzed in the same manner as cfDNA, which has revealed EGFR mutations [56, 57] , ALK rearrangements [58, 59] , and ROS1 rearrangements [60] . Although CTCs have been identified in up to 85% of small cell lung cancer patients, the reported detection rates in NSCLC using epithelial cell adhesion molecule (EpCAM)-based methods have been significantly lower [61] . Given that only a subpopulation of NSCLC CTCs undergo epithelial-to-mesenchymal transition and downregulate their epithelial markers, the detection rates using EpCAM-based methods have been lower. Although higher CTC detection rates have been reported using non-EpCAM-based methods, these methods need to be validated further in independent and large multicenter studies.
Prognosis and Predictive Response to Treatment
CTCs have been shown to have prognostic significance in metastatic NSCLC [62, 63] . Using ISET, Hofman et al. isolated CTCs from 208 NSCLC patients and found that a cutoff value of .50 corresponded to shorter OS and PFS. In a global metaanalysis, the appearance of pretreatment CTCs in patients with different stages of lung cancer correlated with lymph node status, distant metastasis, and TNM staging [64] . Longitudinal CTC monitoring has also shown that patients with more than one time point positive for CTCs had worse survival than those with conversion from CTC positive to CTC negative or persistently negative [65] .
Presence of EGFR Mutations and Disease Monitoring
Breitenbuecher et al. used combined RT-PCR and melting curve analysis to show that an increase in EGFR-mutant CTCs might be an indicator for disease relapse and EGFR-TKI resistance [56] . Additionally, just as in cfDNA, T790M identification in CTCs has been used in TKI-resistant patients and to monitor the real-time response. In NSCLC patients treated with EGFR-TKIs, Maheswaran et al. found T790M mutations in CTCs from 9 of 14 patients (64%) with clinical progression, and the presence of the mutation correlated with reduced PFS (7.7 months vs. 16.5 months; p , .001) [57] .
DISCUSSION
Despite recent therapeutic advances in NSCLC, significant diagnostic challenges remain that can bottleneck treatment decisions and negatively affect clinical care. The liquid diagnostic platforms we have reviewed have the potential to overcome many of these barriers. Perhaps the greatest immediate clinical effect will be the routine use of cfDNA to identify de novo and resistant genetic alterations in patients with advanced-stage disease (i.e., plasma genotyping). The limitations of tumor biopsies have recently been supported by a study that demonstrated up to 30% of patients at a community-based academic center did not undergo guidelinerecommended molecular testing, despite an institutional reflex testing policy for tissue [66] . In addition, repeat tissue acquisition poses barriers to clinical trial enrollment, as demonstrated by a recent study retrospectively evaluating patient enrollment to 55 clinical trials at a single Canadian institution in which fewer patients received study treatment in trials mandating tissue specimens compared with trials that did not (55% vs. 83%; p , .001) [67] . Plasma cfDNA platforms offer promise in overcoming these challenges by rapidly genotyping treatment-naïve and -refractory patients and might eventually obviate the need for the repeat biopsies mandated by many clinical trials. In addition to plasma genotyping, liquid platforms have tremendous potential to improve screening in patients at high risk of both first cancers and recurrences. The goal to identify early stage or minimal residual disease before or in combination with routine imaging remains a challenge. Although the U.S. National Lung Screening Trial (NLST) demonstrated a 20% reduction in lung cancer mortality with LDCT scans, the high false-positive rate with this modality warrants further enrichment strategies. The accuracy of mRNA and miRNA platforms in delineating benign from malignant nodules is promising, with the potential to enhance the sensitivity and specificity of screening techniques. These platforms might also contribute to surveillance strategies after curative intent therapy. A recent study of colorectal cancer patients undergoing curative-intent surgery reported cfDNA identified after resection in all patients who experienced eventual recurrence but not in the patients who remained disease free [ Plasma cfDNA platforms offer promise in overcoming these challenges by rapidly genotypingtreatment-naïve and refractory patients and might eventually obviate the need for the repeat biopsies mandated by many clinical trials.
Despite the promise of liquid diagnostics in lung cancer, significant challenges remain. In the presence of tumor heterogeneity, it is uncertain whether cfDNA sampling provides a reliable molecular proxy of overall tumor biology and whether plasma or tissue is the true reference standard for molecular characterization of disease. Further studies evaluating the predictive utility of genetic alterations identified in cfDNA independent of those identified by tissue interrogation are urgently needed. Additionally, currently, no widely accepted standards are available for processing samples, which might contribute to the disparate test results. Performance verification and method development, including optimal preparation strategies (collecting, isolating, and storing cfDNA), and downstream analysis need to be carefully formalized. Coordination and communication between laboratories of competing platforms would help facilitate this process. Finally, given the wide range of reported sensitivities and specificities of the different platforms, it will be essential for prospective therapeutic trials to mandate the collection of plasma and/or serum to establish reproducible concordance rates with tissue for clinical validation. Special attention should be devoted to the impact of both clinical (tumor burden) and sampling variables on the accuracy and reproducibility of these platforms. It is important to note that, to date, very few, if any, published series have evaluated the accuracy of specific commercially available platforms or their concordance with paired tissue.Thus, caution should be used when interpreting the results. In addition, many of these assays' threshold for detection have been set arbitrarily, with different internal cutoff levels, making the interpretation of some results challenging.
In addition to technical considerations, the application of liquid platforms might create new therapeutic dilemmas. For instance, whether pharmacodynamic monitoring of either EGFR or T790M in cfDNA should be performed and guide therapeutic decision making before clinical or radiographic progression for patients receiving TKI therapy remains unclear. Likewise, whether treatment of minimal residual disease identified in plasma only would improve survival for patients after curative intent therapy is also unknown. Prospective trials evaluating treatment decisions triggered by plasma tests, independent of the clinical or radiographic findings, for both early-and advancedstage patients should be pursued. We look forward to the further development and refinement of liquid platforms and their routine use in accurately identifying recurrent and de novo disease and genotyping patients with all stages of NSCLC.
